Purpose The aim of this study was to compare the effect of the deselection of spermatozoa presenting vacuole-like structures using IMSI (intracytoplasmic morphologically selected sperm injection) with ICSI (intracytoplasmic sperm injection) by means of neonatal outcomes. Methods In a retrospective two-center analysis, a total of 848 successful IMSI or ICSI cycles ending with a live birth, induced abortion, or intrauterine fetal death (IUFD) were included. Results The IMSI and ICSI groups included 332 and 655 babies or fetuses, respectively. The parents were older in the IMSI group than in the ICSI group (mothers were 35.1 vs 32.9 years, and fathers were 39.1 vs 36.2 years). The multiple pregnancy rate was higher in the IMSI group. The mean pregnancy duration and mean birth weight were almost identical in both groups. There was no significant difference in major congenital malformations between the two groups. However, this rate was decreased in the IMSI group compared to that in the ICSI group (1.8 vs 3.2%), the difference being mainly found in singletons (1.4 vs 3.3%). Boys were more often affected than girls in both groups. The percentages of chromosomal abnormalities did not differ between the IMSI and ICSI groups (0.6 and 0.8%). The reported congenital malformations mainly affected the heart, urogenital, and musculoskeletal systems. Conclusions In the present study, the malformation rates observed in the IMSI and ICSI groups were not significantly different, even if slightly lower after IMSI. However, the observed difference followed the same trends observed in previous reports, indicating the possible impact of IMSI on decreasing congenital malformation occurrences. This highlights the necessity to prospectively evaluate the impact of IMSI on neonatal outcome after IVF treatment.
Introduction
Since the first description by Antony van Leeuwenhoek in 1677, numerous authors have reported on the spermatozoon morphology, and several morphological classifications, such as those by David [1] and Kruger [2] , were designed. The World Health Organization (WHO) edited its own classification, the 2010 version being currently recommended [3] . These evaluations are usually performed on fixed and stained smears of semen, which preclude the selection and use of spermatozoa for assisted reproductive treatment (ART). In 2001, Bartoov and colleagues [4] described a real-time observation method at high magnification, without any fixation or staining. This technique used Nomarski differential interference contrast (DIC) microscopic optics and was called MSOME (motile sperm organellar morphology examination). In addition to the classical morphological criteria, such as the head shape, normalcy of the intermediary piece, and flagellum insertion, Bartoov described the so-called sperm head vacuoles. These defects are characterized by crater-like depressions at the surface of the sperm head that can vary in number, size, and position. Numerous studies have attempted to understand the origins and composition of these craters or vacuole-like structures (VLS). VLS are most likely formed during spermiogenesis, as they are already observed during the spermatid elongation step [5] . VLS are a sign of impairment in spermiogenesis and are associated with abnormal chromatin organization and condensation [6] [7] [8] [9] [10] [11] [12] and higher hypermethylation [13] . Some studies have shown a link between VLS and DNA fragmentation [6, 9, 10, [14] [15] [16] [17] , as insufficiently condensed DNA is probably more vulnerable to oxidative stress. VLS were also linked to sperm aneuploidy [18] .
All of these publications show that sperm VLS, together with sperm morphology, might be a marker of the genetic and epigenetic status of sperm. This hypothesis raises the issue of the safety of classical ICSI (intracytoplasmic sperm injection) that uses optics and magnifications that are incompatible with the observation of fine structures, such as VLS. The association of MSOME with ICSI, called IMSI (intracytoplasmic morphologically selected sperm injection) can allow the opportunity to select fine morphological sperm quality before oocyte injection. The advantages of deselecting sperm carrying VLS in IMSI treatments remain controversial. Some authors have reported small or no effects of VLS on fertilization and early embryo development up to day 3. However, it is now well accepted that VLS negatively affect embryo development in terms of blastocyst formation [19] [20] [21] [22] [23] , and substantial evidence suggests an increased miscarriage risk with vacuolated sperm [24] [25] [26] [27] [28] [29] [30] . Pregnancy rates are reportedly higher after IMSI than after ICSI in select groups of patients, such as those facing previous ICSI failures [30, 31] , those with advanced maternal age [32] , and those with isolated teratozoospermia [33] . Two recent reports [34, 35] have shown a higher rate of congenital malformations after ICSI than after IMSI. On the other hand, several studies have shown that ART babies tend to present more congenital malformations than naturally conceived babies [36] [37] [38] [39] . Together, these data have reinforced our interest in the deselection of sperm cells carrying VLS before oocyte injection. The aim of the present retrospective analysis was to evaluate the benefits of the IMSI technique on neonatal outcomes in IVF.
Materials and methods

Study populations
Patients from two centers were enrolled in this retrospective study on ICSI and IMSI treatments: the CPMA (Centre de Procréation Médicalement Assistée) of the University of Liège (Belgium; Center 1) and the IVF Center Prof. Zech of Salzburg (Austria, Center 2). Eligible cycles were those ending with an ongoing pregnancy (≥ 23 weeks), started between January 2009 and December 2013 in center 1 and between January 2005 and December 2012 in center 2. All induced abortions were included in the study, even those occurring before the 23rd week of gestation. All cycles using surgically retrieved and/or cryopreserved sperm and those using frozen embryo transfers were excluded.
ICSI was mainly proposed to patients with male or idiopathic infertility. IMSI was recommended to patients facing mild to severe oligo-, astheno-, and/or teratozoospermia; one or more previous implantation failures after ICSI; reduced blastocyst development during previous cycles; repetitive spontaneous abortions; low oocyte counts; or advanced maternal age.
Treatment
According to the patient's history, a long or short GnRH (gonadotropin-releasing hormone) agonist protocol or an antagonist protocol was applied for ovarian hyperstimulation. Retrieval occurred 36 h after the administration of hCG or a GnRH agonist. In center 1, a one-step medium (LifeGlobal, Ontario, Canada) was used for embryo culture. In center 2, either a one-step (LifeGlobal) or two-step medium (Irvine Scientific, Santa Ana, USA or Vitrolife, Göteborg, Sweden) was used.
The best looking embryo(s) was (were) selected for transfer. In center 1, morphological evaluation was performed at 25 h post-insemination (check for the first cleavage), on day 2 and day 3. Overall embryo quality was determined as the sum of defects, such as the presence of cytoplasmic fragments, blastomere asymmetry, cytoplasm granularity, the presence of multinucleation, and global cellular division kinetics. Embryo transfer was mainly performed on day 3. Day 2 transfer was preferred when all available embryos were transferred. In center 2, embryos were further cultured until day 5. Blastocyst quality was assessed according to the Gardner blastocyst grading scale [40] , depending on blastocoel expansion and the qualities of both the inner cell mass and trophectoderm. Embryos were transferred on day 5, except in one case in which the embryo was transferred on day 4. Embryo transfer was performed using a Wallace replacement catheter (Smiths Medical International, Kent, UK) in center 2 or a Cook K-Jets catheter (Cook, Strombeek Bever, Belgium) in center 1.
All semen samples used for ICSI were prepared on a threelayer discontinuous gradient (Isolate, Irvine; All Grad Wash, LifeGlobal) except for some cryptozoospermia samples that were only washed (All Grad Wash). During ICSI, spermatozoa were selected and immobilized at × 200 magnification in a PVP droplet before injection.
The IMSI procedure was almost identical to that described for ICSI (Vanderzwalmen et al. 2008 ). The main difference concerned sperm selection before oocyte injection, which was performed at room temperature in a glass bottom Petri dish under × 1000 magnification (oil immersion objective) on a Leica AM6000 IMSI station. As for ICSI, spermatozoa were selected and stored in an oocyte medium drop before injection. The selection criteria were the following: 1st choicenormal form spermatozoa without any VLS on the head; 2nd choice-normal form with small VLS; 3rd choice-normal form with large VLS; 4th choice-abnormal form spermatozoa without VLS; and 5th choice-abnormal form with VLS.
Data collection
Data were collected from the databases of the two centers. When the neonatal data were incomplete, the patients received questionnaires by mail regarding the date of birth, gender, weight, height, the presence of malformations, and neonatal hospitalization. In cases that were unclear, incomplete, or missing answers, the patients and/or their physicians were contacted by phone. Malformations were classified according to the ICD-10 classification using Q-codes (Q00-Q99). Minor malformations (Q 10, Q16.2, Q17.0-17.9, Q18.0-18.2, Q18.4-18.9, Q25.0, Q27.0, Q38.1, Q51.5, Q51.6, Q52.0-Q52.7, Q53.0-Q53.9, Q66.3-Q66.6, Q69.0-Q69.9, Q70.0-Q70.9, Q81.0-Q81.9, Q82.1-Q82.9, Q83.0-Q83.9, Q84.0-Q84.9, Q85.0, Q86.0, Q95.0-Q95.2, Q95.4-Q95.5, Q95.9) were not included in the congenital malformation group [41] .
Sperm sample characteristics were also retrospectively collected. The concentration and motility data were of the sample used for oocyte injection. A classical strict morphology evaluation was performed during a diagnostic sperm analysis (not on the sample used the day of oocyte injection).
Statistical analysis
The data for the parent's age, number of oocytes, fertilized and cleaved embryos, blastocysts, transferred embryos, pregnancy duration, and neonatal weight did not follow a symmetric (Gaussian) distribution. The Mann-Whitney test was used for comparisons of means between the IMSI and ICSI groups. The comparisons of percentages between the two groups were performed with Fisher's exact test.
Results
A total of 848 cycles ending in pregnancy beyond 23 weeks or in induced abortion for fetal abnormality were included in the present study: 275 in the IMSI group and 573 in the ICSI group. A flowchart of the study design is shown in Fig. 1 . Most of the data were obtained with a direct phone call to patient. Only two patients were impossible to contact in this study and were classified as lost to follow-up (ICSI group). The mean ages and min/max of the mothers and fathers are detailed in Table 1 . Both ages were significantly higher in the IMSI group than in the ICSI group (P < 0.0001).
Data concerning the treatments are described in Table 2 . The IMSI patients were treated more readily by agonist-long protocols than the ICSI patients (P < 0.0001). The mean number of retrieved oocytes was higher in the ICSI group than in the IMSI group (P = 0.0053), but the numbers of fertilized oocytes, cleaved embryos, and blastocysts were similar between the two groups. The mean number of transferred embryos was significantly higher in the IMSI group than in the ICSI group (P < 0.0001), and more blastocyst transfers were performed in the IMSI group than in the ICSI group (P < 0.0001).
The characteristics of the sperm samples used on the days of oocyte injection are described in Table 3 . The mean volumes were not different between the two groups. The concentration comparisons using the Mann-Whitney test revealed a statistically significant difference between the two groups. The means were nearly identical (33.8 and 33.5 in the IMSI and ICSI groups, P = 0.0464), but the median was higher in the IMSI cycles than in the ICSI cycles (25 and 18, respectively), showing that the ICSI group was enriched with sperm samples of very low concentrations. Except for nonprogressive motility, which was higher in the IMSI group (13.3 vs 11.0 in IMSI and ICSI groups; P < 0.0001), the motilities (progressive and total) were not different between the groups, while strict normal morphology was higher in the ICSI group (3.0 vs 7.4 in IMSI and ICSI groups; P < 0.0001). Table 4 presents the data on the pregnancies and babies. More multiple pregnancies (mainly twins) occurred in the IMSI group than in the ICSI group (34 vs 25% of multiple pregnancies in the IMSI group vs the ICSI group, P = 0.0034). The mean birth weights for either singletons or twins were not different between the IMSI and ICSI groups, nor were the pregnancy durations. The sex ratio was not different between the two groups. Table 5 shows a higher malformation rate in the ICSI group than in the IMSI group (3.2 vs 1.8, respectively, P = 0.2235), especially in singleton babies (3.3 vs 1.4, respectively, P = 0.2086), but these differences were not significant. Congenital malformations mainly affected boys, and we did not find any difference in the sex ratio between the two groups. The live birth proportions among the malformed babies, as well as the proportions of fetuses or babies presenting chromosomal abnormality, were nearly identical in the two groups.
Details regarding the congenital malformations observed are compiled in Table 6 . Twenty-seven malformations (22 major congenital malformations and 5 chromosomal abnormalities) were described in 26 of the 655 babies in the ICSI group (4.0%) vs 8 (6 congenital and 2 chromosomal) for 332 babies in the IMSI group (2.4%).
Discussion
In this study, we retrospectively collected clinical outcome data after ICSI or IMSI in 2 IVF centers. In a cohort of 987 babies, the neonatal data were quite similar between the two groups. With the exception of a higher multiplicity rate in the IMSI cycles, no differences were statistically significant. We did not find a significant difference between the congenital malformation rates after ICSI compared to after IMSI. However, the congenital malformation rate seemed to be higher after ICSI than after IMSI, and this trend confirmed earlier results obtained by Cassuto [34] and Hersko-Klement [35] . Most of the reports comparing ICSI and IMSI did not include the health statuses of babies after birth. Recently, two teams [34, 35] described lower congenital malformation rates with IMSI. In the present retrospective study, we also observed a trend toward a lower malformation rate in IMSI vs ICSI, but the comparison failed to reach statistical significance. A power analysis (Fisher's exact test) of our data revealed that the calculated sample sizes required for statistically significant differences when comparing the major congenital malformation rates in ICSI and IMSI were 2235 babies for all babies and 1154 babies for singletons alone. Pooling the data from the three studies increased the number of babies up to 4000, and the malformation rate was approximately two times lower among babies born from IMSI cycles than those born from ICSI cycles. In the study by Cassuto and colleagues, congenital malformation rates were 3.80% in ICSI and 1.33% in IMSI, and in the study by Hersko-Klement, congenital malformation rates were 3.9 and 2.3% for ICSI and IMSI, respectively. Our results show a reduced difference between ICSI and IMSI, with 3.2 and 1.8% of congenital malformations, respectively. It is worth noting that some minor malformations were not included in our study, as described in the BMaterials and methods^section. Moreover, both maternal and paternal ages were higher in our IMSI group than in our ICSI group, in contrast to the previous studies mentioned above, in which the parents' ages did not differ between the two groups. These unfavorable age differences in the IMSI group may compensate, at least partially, for the impact of IMSI in our laboratories, even if the impacts of maternal age on congenital abnormalities other than chromosomal abnormalities are discussed [42] [43] [44] . Regarding semen data, we observed an enrichment in the ICSI group with samples of very low concentrations. This can be explained by the fact that IMSI sperm selection is very difficult and can even be CPMA-ULiège (Center 1, Belgium) IVF Centers Prof. Zech Salzburg (Center 2, Austria)
Analysis of 848 cycles ending in pregnancy ( Tables 1 to 3) 275 IMSI Cycles (Tables 2 and 3) 573 ICSI Cycles (Tables 2 and 3 Fig. 1 Flowchart of the study design Mann-Whitney test for comparisons of means impossible in patients presenting cryptozoospermia. In these cases, ICSI is sometimes the only option. In contrast to the concentration, the percentage of sperm with normal morphology is higher in the ICSI group than in the IMSI group. This observation seems logical as teratozoospermia is a proposed IMSI indication. Concerning the MSOME quality of the sperm injected in the IMSI group, the selection of 1st and 2nd choice sperm (no large vacuoles) was possible in a large majority of cycles (data not shown). In only 14 cycles, 3rd choice sperm had been used as not enough 1st and 2nd choice were present. All of these 14 pregnancies ended in the births of normal babies. There was no difference in the sex ratio in terms of the malformed babies between the 2 groups. The pregnancy multiplicity seemed to impact our malformation rate, in accordance with the observations of Hersko-Klement [35] : 1.4 and 3.3% in the IMSI and ICSI singletons, respectively, versus 2.7 and 3.0% in the IMSI and ICSI multiple pregnancies, respectively (not significant). The higher incidence of malformations in male babies confirms the findings of previous studies [45] . The types of malformation varied widely, but chromosomal abnormalities were nearly identical between the two groups. We observed six congenital malformations of the urogenital system and four of the circulatory system in the ICSI group; however, none of these types of malformation was reported in the IMSI group. These high incidences of urogenital and cardiac malformations are in accordance with the findings of previous studies [34, 35, 46, 47] , as are their lower incidences after IMSI [34, 35] .
Moreover, ART is suspected to increase the risk of congenital malformation by overcoming natural gamete selection. ICSI alone does not seem to increase the malformation risk [48] , but a question regarding the possible benefit of better sperm selection to lower the male infertility impact arises. The main role of the spermatozoon is to transmit intact paternal DNA that will guarantee a suitable gene expression pattern, to ensure that normal fertilization ends with a healthy baby. As a consequence, one essential idea to consider is whether the presence of VLS has an impact on the quality of the DNA and the subsequent rate of malformations in babies. With aniline blue staining, Boitrelle demonstrated that isolated sperm with large nuclear VLS presented lower levels of chromatin condensation [7] , and these data were confirmed by three other studies for large and small nuclear VLS [8, 10, 11] using the same technique. These precise studies, performed at the one-cell level, reinforce the conclusions of previous Mann-Whitney test for comparisons of means publications that highlight a correlation between vacuolization and insufficient chromatin condensation [6, 9, 12] . In healthy spermatozoa chromatin, approximately 85% of the histones are replaced by protamines, resulting in hard DNA condensation that facilitates sperm mobility and DNA protection against oxidative stress [49] . The remaining 15% of DNA is organized by histones or is linked to the nuclear matrix [50] . During the fertilization process, protamines are replaced by oocyte histones. The ratio of histone to protamine is important because these histone-bound regions are maintained in specific areas of the genome at the levels of the gene promotors implicated in early embryonic development [50] [51] [52] [53] . Therefore, it appears very likely that chromatin condensation plays an epigenetic role in embryo development. Jenkins and Carrell [54] reported that the usual replacement of protamines by oocyte histones prior to pronucleus formation may be deregulated when the protamine/histone ratio in the spermatozoon does not comply to the normal 85/15. Gene expression in the early embryo genome might also be impaired. Moreover, differences in methylation levels have been observed between vacuolated and non-vacuolated spermatozoa [13] , adding further support to the hypothesis of a link between vacuoles, chromatin disorganization, and epigenetic abnormalities. This link
has not yet been fully evaluated, but it might be hypothesized that abnormal condensation provokes abnormal epigenetic pattern. An abnormal epigenetic background may be a feature of infertility origins and of condensation problems. For example, hypermethylation is associated with poor quality semen, probably due to abnormal epigenetic reprogramming in the presence of deficient demethylation during fetal life [55, 56] . Such epigenetic abnormalities are supposedly linked to some congenital abnormalities or childhood defects, such as autism [57, 58] . Taken together, these data highlight the need for a better understanding of chromatin packaging and control during spermiogenesis. All of these data reinforce our interest in vacuole deselection to improve ART outcomes, especially infant health. In conclusion, the present study did not demonstrate a statistically significant effect of IMSI on congenital malformation occurrence. However, we observed a lower congenital malformation rate in IMSI singleton babies than in ICSI singleton babies, despite the higher parental age of the IMSI group. Although not significant, these data reinforce the idea presented by Cassuto and Hersko-Klement that the deselection of spermatozoa carrying VLS is a possible way to improve the neonatal outcome of babies. The present retrospective study confirms the results of these two other teams and increases the total cohort up to 4000 babies. The limits of this study are its retrospective and non-randomized characteristics. The parental ages are higher in the IMSI group, and the stimulation protocols used and the durations of embryo culture are quite different between the groups. Moreover, some differences must be noted concerning semen quality. Despite very close means, the sperm concentration comparison revealed an enrichment of very low concentrations in the ICSI group, and a lower % of normal morphology in the IMSI group. None the three studies that analyzed comparative neonatal data from IMSI and ICSI cycles were prospectively randomized, so inclusion bias related to infertility cause is suspected as IMSI is more readily proposed to couples facing male infertility, advanced maternal age or recurrent ICSI failures. Further prospective randomized studies with careful pediatric follow-up are needed to sustain the hypothesis regarding the impact of IMSI on neonatal data.
